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et	 al.,	 1978).	 Over	 the	 past	 two	 decades	 it	 has	 gained	momentum	 in	 environmental	 and	








interrupt	 the	 food	 supply	 (Williams	 et	 al.,	 2016).	 Pyrolysis	 is	 considered	 as	 one	 of	 the	
promising	process	routes	with	the	potential	to	convert	woody	biomass	into	hydrocarbon	fuels	
and	chemicals.	In	the	pyrolysis	process,	carbonaceous	materials	are	heated	in	the	absence	of	
oxygen	 to	produce	pyrolysis	 liquids	 (pyrolysis	oil,	 bio-oil),	 a	 solid	 (biochar),	 and	a	gaseous	
coproduct	(Bridgwater,	2012).	Two	approaches	to	the	technology	can	be	discerned;	that	is,	
conventional	 or	 slow	 pyrolysis	 used	 for	 carbonisation,	 from	 which	 biochar	 is	 the	 main	
product,	 and	 fast	 pyrolysis,	which	maximises	 the	 pyrolysis	 liquid	 (Qiang	 et	 al.,	 2009).	 The	






The	 approaches	 undertaken	 in	 this	 work	 have	 focused	 on	 the	 conversion	 of	 hardwood	

















term	 stability	under	environmental	 conditions,	 graphite	 is	 the	desired	outcome.	 Typically,	
biochar	materials	 contain	 a	mix	 of	 arrangements	 of	 carbon	materials,	 both	 graphitic	 and	
amorphous	 in	 nature	 (Purakayastha	 et	 al.,	 2015;	 Spokas,	 2010).	 The	 effects	 of	 pyrolysis	






fuels	 “as	 produced”	 but	 rather	 are	 a	 highly	 oxygenated	mixture	 of	 compounds	 not	much	










The	 liquid	 pyrolysis	 oil	 can	 be	 catalytically	 upgraded	 to	 value-added	 chemicals	 and	




















oxygenated	 aromatic	 compounds	 in	 bio-oils	 (Yin	 et	 al.,	 2013).	 Zeolites	 work	 through	 size	
based	 trapping	 of	 molecules,	 which	 cause	 changes	 in	 their	 structure	 and	 reactivity.	 The	





catalysts	 with	 high	 pressure	 H2	 gas	 to	 remove	 oxygen	 from	 compounds	 forming	 alkanes	
(Mortensen	et	al.,	2011).	Catalysts	are	then	employed	in	multiple	forms,	and	can	be	used	in	
terms	 of	 arrangements	 such	 as	 fixed	 bed	 and	 fluid	 bed	 processes	 (FCC),	which	 employ	 a	





2016).	 Downstream	 systems	 (ex-situ)	 have	 been	 employed	 outside	 of	 the	 initial	 biomass	
reactor,	 with	 the	 gas	 stream	 then	 passed	 over	 a	 fixed	 bed	 of	 catalyst,	 or	 through	 the	
condensation	 of	 gas	 streams	 (indirect	 liquefaction)	 and	 later	 reformation	 of	 the	 liquid	


































role	 in	 managing	 atmospheric	 carbon.	 Different	 plant	 species	 have	 previously	 been	
investigated	as	biofuel	crops	(low	input,	rapid	growth,	short	harvest	times,	etc.);	and	popular	
species	 include	 grasses	 (miscanthus	 and	 switchgrass),	 softwoods	 (pine	 and	 spruce),	 and	
hardwoods	(eucalyptus	and	poplar)	(Brandt	et	al.,	2011).		
Carbon	 in	 the	 earth’s	 atmosphere	 is	 controlled	 through	 a	 series	 of	 processes	 known	
collectively	as	the	carbon	cycle.	Plants	turn	atmospheric	carbon	into	biomass,	which	is	stored	
for	 the	plant's	 life	and	 then	 released	back	 into	 the	atmosphere	 through	either	burning	or	
decomposition.	Within	this	cycle,	soil	 is	considered	to	be	the	biggest	pool	of	carbon	at	an	
estimated	 1,580	Gt	 (Lehmann	 et	 al.,	 2006;	 Lehmann	&	 Kleber,	 2015).	 The	 combustion	 of	
carbon,	 however,	 is	 not	 the	 only	 avenue	 through	 which	 carbon	 is	 released	 into	 the	
atmosphere.	 Decomposition	 of	 sediment	 and	 rocks	 through	 ocean	 acidification	 not	 only	






contributor	 to	 the	greenhouse	gas	pool,	with	a	strong	push	 into	 renewable	energy,	 this	 is	
expected	 to	 decrease	 (Hoegh-Guldberg	 et	 al.,	 2007;	 Kasting,	 1988).	 However,	 it	 is	 often	
thought	 of	 as	 being	 an	 impossible	 task	 to	 curb	 all	 carbon	 emissions,	 as	 such	methods	 to	
withdraw	carbon	from	the	atmosphere	are	often	being	discussed,	with	many	seeking	“high-
tech”	 options	 (Lehmann,	 2007).	 Current	 schemes	 driven	 by	 solar	 energy,	 use	 the	 power	
generated	to	compress	and	liquefy	atmospheric	carbon	for	storage.	Many	prefer	the	existing	










needed	 to	 draw	 the	 atmospheric	 carbon	 level	 down	 to	 pre-industrial	 revolution	 times	 is	
further	compounded	by	the	challenge	of	feeding	the	world’s	population.	With	many	forests	
currently	being	burned	to	create	land	for	farming	(Garcia-Nunez	et	al.,	2016;	Lehmann,	2007;	
Preston	 &	 Rodriguez,	 2014;	 Preston,	 2009),	 the	 notion	 of	 saving	 the	 world	 through	 the	
planting	of	forests,	unfortunately,	is	oft	considered	short-sighted,	in	its	ability	to	sequester	











components:	cellulose,	hemicellulose,	and	 lignin.	 It	 is	due	to	the	high	oxygen	content	that	
woody	biomass	has	a	much	lower	heating	value	than	hydrocarbons.	Therefore	research	has	
focused	 on	 conversion	 of	 biomass	 to	 a	more	 suitable	 form,	 such	 as	 liquid	 or	 gas	 (Ogi	 &	
Yokoyama,	1993).		
Early	research	focused	on	yields	of	oil	products	generated	during	thermochemical	biomass	




et	 al.,	 1982),	 alkaline	 metals	 (Hsu	 &	 Hixson,	 1981),	 glycerine	 (Demirbaş,	 1998),	 direct	
liquefaction	(Ogi	et	al.,	1985),	and	propanol	and	butanol	(Ogi	&	Yokoyama,	1993).	Of	all	the	
potential	 thermochemical	 processes,	 pyrolysis	 has	 received	 the	 most	 attention.	 This	 is	
because	pyrolysis	generates	both	pyrolytic	oils,	gas,	and	char.	The	intermediate	energy	gas	
produced	was	of	initial	interest	to	research	but	subsequent	studies	have	concluded	that	the	
energy	 ratio	 of	 the	 product	 gas	 is	 less	 than	 the	 heating	 value	 of	 the	 starting	 material	
(Sorenson,	1983).			
	
The	 thermochemical	 conversion	 of	 biomass	 can	 be	 subdivided	 into	 pyrolysis	 gasification,	
direct	 liquefaction,	 and	 chemical	 extraction	 (Figure	 2.1).	 Following	 pyrolysis,	 a	 second	
'indirect'	 liquefaction	process	 can	be	undertaken	once	pyrolysis	 gasification	has	 occurred.	
Both	 direct	 and	 indirect	 liquefaction	 occurs	 when	 macro-molecule	 compounds	 are	
decomposed	into	fragments	of	light	molecules	in	the	presence	of	a	suitable	catalyst	(Chapter	
6).	These	fragments,	which	are	unstable	and	reactive,	may	repolymerise	into	oily	compounds	









Pyrolysis	 processes	 can	be	divided	 into:	 slow,	 fast,	 and	 flash	pyrolysis.	 Slow	heating	 rates	
maximize	the	yield	of	char,	particularly	at	low	temperature	(Abdullah	&	Wu,	2009;	Ding	et	al.,	











(Li	 et	 al.,	 2015b).	 The	 amorphous	 hemicellulose	 materials	 decompose	 at	 the	 lowest	
temperature	 due	 to	 a	 higher	 moisture	 content	 than	 lignin	 (Figure	 2.2).	 Present	 as	
heterogenous	polymers	composed	of	different	pentoses,	hexoses,	and	sugar	acids	(Yuan	&	
Macquarrie,	 2015)	 undergo	 thermal	 decomposition	 readily	 (Bleam	 &	 Harkin,	 1975).	
Hardwood	 hemicelluloses	 contain	 mostly	 xylans	 and	 possess	 β-D-xylopyranosyl	 residues	














duration,	and	atmosphere)	and	 relative	contents	of	plant	biomass	components	 (i.e.,	hemicellulose,	 cellulose,	and	 lignin)	
(Modified	from:	Keiluweit	et	al.,	2010).	
		
The	 destructive	 reaction	 of	 cellulose	 commences	 at	 temperatures	 below	 325	 K	 and	 is	




(Figure	 2.2	 –	 amorphous	 char)		 and	 includes	 depolymerisation,	 hydrolysis,	 oxidation,	
dehydration,	and	decarboxylation	reactions	(Shafizadeh	&	Stevenson,	1982).			
Lignin	is	the	largest	contributor	of	woody	biomass	ranging	between	15	–	30%	mass	weight	
(Vuory	 and	 Bredenberg,	 1988).	 The	 term	 lignin	 includes	 the	 phenolic	 phenylpropanoid	
































Investigation	 of	 biochar	 materials	 has	 focused	 on	 the	 arrangements	 and	 persistence	 of	
carbon.	Changes	in	lignin,	cellulose,	and	hemicellulose	content,	in	turn,	affect	the	properties	




rapid	 mineralisation	 than	 wood	 char.	 Nguyen	 et	 al.	 (2009)	 reported	 that	 mineralisation	
decreases	with	an	increase	in	pyrolysis	temperature,	where	no	such	effects	have	been	seen	







showing	 significant	 levels	 of	 carbon	 after	 thousands	 of	 years	 (Downie	 et	 al.,	 2011).	While	
biochar	is	produced	by	the	pyrolysis	of	biomass	it	has	differentiated	itself	by	being	primarily	
proposed	as	an	amendment	to	agricultural	soils.	Its	benefit	is	through	being	incorporated	into	




term	 “biochar”	 has	 seen	 a	 rise	 in	 popularity	 growing	 in	 conjunction	with	 carbon	 and	 soil	
management	agendas	by	both	scientists	and	lay	people	alike.	This	rapid	growth	has	also	lead	
to	numerous	terms	used	to	describe	the	“charred	organic	matter”;	with	terms	such	as	agrichar	












studies	have	been	undertaken	 in	attempts	 to	quantify	 and	distinguish	biochar	 from	other	
black	 carbon	 sources	 found	 in	 the	environment	 (Brewer	et	al.	 2009;	Hammes	et	al.	 2008;	
Skjemstad	et	al.	2002).			













multilayer	 network	 of	 poorly	 linked	 carbon	 sheets,	 graphene	 is	 a	 single	 sheet	 of	 graphite	
(Tucureanu	et	al.,	2016).		
Graphene	 has	 attracted	 much	 interest	 from	 a	 variety	 of	 perspectives	 due	 to	 its	 unique	
physical	and	chemical	properties	(Drewniak	et	al.,	2016;	Dutta	&	Pati,	2010;	Keiluweit	et	al.,	
2010;	Tucureanu	et	al.,	2016).		Graphene	(G)	is	a	member	of	the	carbonaceous	nanomaterial	
family	with	a	 single	 two-dimensional	 sheet	of	 carbon	atoms	one-atom-thick	arranged	 in	a	
hexagonal	 network	 (Ma	 et	 al.,	 2015).		This	 arrangement	 results	 in	 a	 material	 with	 high	
14	
	
electrical	 and	 thermal	 conductivity,	 massless	 transportation	 properties,	 and	 strong	
mechanical	 properties	 (Novoselov		 et	 al.,	 2007;Allen		 et	 al.,	 2010;	 Hu		 et	 al.,	 2012).		With	
possible	applications	including	electronic	devices,	molecular	resolution	sensors,	biodevices,	









differ	 from	those	of	pristine	graphite	because	of	 the	structural	changes	arising	due	to	 the	
introduction	of	oxygen	functionalities	into	the	sp2	bonded	carbon	network	(Drewniak	et	al.	
2016;	 Ge	 et	 al.	 2016).	 Drewniak	 et	 al.	 (2016)	 has	 shown	 that	 the	 production	 of	 reduced	
graphene	oxide	is	possible	both	through	the	exfoliation	of	graphite	to	produce	graphene,	and	




Similarly	 to	 the	 term	biochar,	 term	bio-oil	 has	been	used	as	 to	define	 the	 range	of	 liquid	
products	from	both	thermochemical	conversion	and	biochemical	conversion	(Nanda	et	al.,	








bio-oil	 comprises	 of	 a	 brown	 acidic	 liquid,	 often	 forming	 multiple	 fractions.	 The	 bio-oil	
typically	 contains	~30%	water,	 and	due	 to	 its	high	oxygen	content	 is	unstable	 resulting	 in	
changes	to	both	the	chemical	makeup	and	viscosity	of	the	oil.	The	visual	similarities	it	shares	









The	high	oxygen	content	of	bio-oil	means	 results	 in	polarity	and	results	 in	a	 lower	energy	
density	 combined	 with	 poor	 miscibility	 when	 combined	 with	 hydrocarbon	 fuels.	 The	
composition	of	bio-oil	is	very	complicated	with	a	varied	mixture	of	aromatics	and	oxygenated	
compounds	(Spokas	et	al.,	2011).		
GC-MS	 of	 bio-oils	 have	 identified	 hundreds	 of	 compounds	 relating	 to	 the	 breakdown	 of	
varying	cellulosic	and	lignin	based	structures	in	biomass.	The	abundant	products	found	in	bio-
oils	are	aromatic	strucutres,	formed	through	the	cyclisation	of	olefin	structures	(Nanda	et	al.,	
2014;	 Tang	 et	 al.,	 2013b),	 taking	 place	 during	 pyrolysis	 (Özbay	 et	 al.,	 2008).	 Oxygenated	
aromatic	compounds	such	as	phenols,	benzenediols	and	furancarboxaldehyde	are	commonly	

































	The	 ultimate	 goal	 is	 for	 biochar	 to	 act	 as	 a	 long-term	 sink	 for	 carbon.	 Soil	 application	 of	
biochar	may	enhance	both	soil	quality	and	be	an	effective	means	of	sequestering	significant	








Smith,	 2016).	 Recent	 interest	 has	 focused	 on	 the	 persistence	 of	 biochar	 in	 both	 ancient	
(Frausin	et	al.	2014;	Grossman	et	al.	2010;	Schmidt	et	al.	2014)	and	modern	soils	(Weng	et	al.	
2017).			
Countries	 in	 which	 poor	 soils	 are	 abundant	 may	 benefit	 substantially	 from	 agricultural	








solution	 to	 this	 impasse.	 Biochar’s	 ability	 to	 use	 low-risk	 carbon	 capture	 through	
photosynthesis,	and	pyrolysis	of	the	biomass,	creating	recalcitrant	carbon	storage.	Storage	
which	may	have	further	agronomic	benefits	outside	its	carbon	sequestration	potential.	Where	
previous	 strategies	 have	 been	 limited	 by	 the	 current	 growth	 and	 retention	 of	 forests,	











of	 the	 soils,	 the	 increased	 fertility	 of	 the	 soils,	 and	 demonstrated	 long-term	 carbon	
sequestration	ability.	The	enhanced	fertility	of	the	terra	preta	soils	is	in	stark	contrast	to	the	
surrounding	 soils,	which	has	been	attributed	 to	 the	high	 levels	of	 soil	 organic	matter	 and	
greater	nutrient	withholding	capacity	of	 the	soils	and	 increased	microbial	activity	creating	
faster	nutrient	 cycling.	 Further	benefits	 such	as	 the	higher	pH	and	water	holding	 capacity	





content,	 and	 chemical	makeup,	 drawn	 from	 the	 conditions	under	which	 the	biomass	was	







feedstock	 and	 pyrolysis	 temperature	 can	 change	 the	 relative	 concentrations	 of	 individual	
PAHs	 in	 the	 vapour	 leading	 to	 potential	 differences	 in	 toxicity	 (Alburquerque	 et	 al.	 2016;	
Freddo,	Cai	&	Reid	2012;	Hale	et	al.	2012;	Hilber	et	al.	2012;	Keiluweit	et	al.	2012;	Kloss	et	al.	
2012;	 Koltowski	 &	 Oleszczuk	 2015).	 Although	 studies	 have	 shown	 the	 toxicity	 and	
concentration	of	PAH	as	by-products	of	pyrolysis,	the	amounts	of	PAHs	that	remain	in	slowly	













fluorescence,	 due	 to	 polycyclic	 aromatic	 compounds	 that	 form	 during	 the	 pyrolysis,	 and	
organic	 amorphous	materials,	 which	 have	 not	 yet	 been	 carbonised	 (Guizani	 et	 al.,	 2017;	
Mukome	et	al.,	2013;	Uchimiya	&	Hiradate,	2014;	Uchimiya	et	al.,	2015;	Uchimiya	et	al.,	2013;	
Uras-Postma	 et	 al.,	 2014).	 Use	 of	 longer	 wavelength	 excitation	 sources	 can	 assist	 in	 the	
reduction	of	 fluorescence,	 leading	 to	greater	peak	resolution	 (Chia	et	al.	2012;	Tang	et	al.	
2016).	Pure	graphite	will	have	one	band	at	1580cm-1	(G	band)	caused	by	sp2	carbon	atoms	
found	in	graphitic	materials	and	double	bonds	(Beyssac	et	al.,	2002;	Nakamura	et	al.,	2017).	
Structural	 imperfections,	 i.e.	 defects,	 edges	 as	well	 as	oxygen	 functionalities	bonded	with	
carbon	surface	of	graphite	will	cause	the	appearance	of	a	D-band	~	1350cm-1	(Chia	et	al.	2012;	
Tang	 et	 al.	 2016).The	 ratio	 of	 both	 bands	 can	 be	 used	 to	 make	 inferences	 about	 the	
proportions	 of	 ordered	 to	 disordered	 graphitic	 materials;	 if	 the	 D-band	 is	 significantly	































lack	 of	 significant	 peaks	 in	 the	 FTIR	 spectra	 is	 also	 repeated	 for	 that	 of	 graphene.	 FTIR	
spectroscopy	does	show	promise	when	used	in	the	identification	of	functional	groups	bound	
to	 either	 graphite	 or	 graphene.	 In	 the	GO	 spectra	 the	 characteristic	 peaks	 for	 C-O	 bonds	
appear	at	about	1230–1215	cm-1,	with	peaks	at	1415	cm−1,	and	1160	cm−1	from	carbonyl	or	












Complementary	 to	 the	 data	 from	 FT-IR	analysis,	 Solid	 state	 NMR	 is	 used	 to	 identify	 the	
broader	 functional	group	 that	again	dominate	 the	sample	 (Barta	&	Ford,	2014;	Cao	et	al.,	
2012;	 Hammes	 et	 al.,	 2008;	 Johnson	 &	 Schmidt-Rohr,	 2014).	 NMR	 methods	 are	 non-
destructive	and	have	been	used	in	the	analysis	of	both	biomass	polymers,	or	char	(Foston,	
2014;	Le	Brech	et	al.,	2015;	Özbay	et	al.,	2008;	Webber	et	al.,	2013).	Biochars	prepared	at	low	
pyrolysis	 temperatures	 retain	 spectral	 features	 both	 the	 carbohydrate	 and	 lignocellulosic	
composition	 of	 biomass.	 The	 most-commonly	 used	 technique	 is	13C	 CP/MAS.	 In	 this	












complex	 mixture	 of	 water	 and	 several	 hundreds	 of	 mainly	 oxygenated,	 polar	 organic	








high	 volatility.	 Increasingly	 the	 development	 of	 sophisticated,	 comprehensive,	 techniques	
such	as	GC × GC	or	GC-MS	x	MS	are	being	used	to	identify	components.		
Due	to	the	water	content	of	the	bio-oil,	analytical	techniques	such	as	FT-IR	can	provide	varied	
results	 due	 to	 the	 strong	 IR	 absorption	 of	 water	 in	 samples	 masking	 signals	 from	 the	











aged	 woodchip,	 a	 Eucalyptus	 tereticornis	 branch,	 Archontophoenix	 cunninghamiana	 leaf	
fronds,	 Archontophoenix	 cunninghamiana	palm	branch,	Archontophoenix	 cunninghamiana	





'aged	 wood	 chip’	 that	 had	 been	 left	 outdoors	 to	 season	 were	 collected.	 The	 wood	 chip	
samples	ranged	in	size	(3x5	to	10x100	mm)	and	were	collected	in	bulk	(100kg).	No	further	
processing	 of	 these	 samples	 was	 undertaken	 prior	 to	 experimental	 work.	 A	 Eucalyptus	
tereticornis	branch	was	collected	to	act	as	a	proxy	for	larger	material.	Eucalyptus	has	been	





The	 palm	 Archontophoenix	 cunninghamiana	 is	 a	 common	 green	 waste	 material	 and	 is	
typically	not	processed	as	a	wood	chip	due	to	the	fibre	content.	Approximately	1kg	samples	
of	 the	 fresh	 palm	 frond,	 the	 palm	 rachis,	 and	 the	 base	 of	 the	 palm	were	 harvested	 and	
collected.	 The	palm	material	was	not	 allowed	 to	age.	 These	 samples	are	more	 commonly	
understood	as	palm	leaf,	palm	branch,	and	palm	base	respectively	and	will	be	referred	to	as	
such.	Minimal	 research	has	been	 carried	out	on	biochar	produced	by	 slow	pyrolysis	 from	
palms	(Som	et	al.,	2012).	However,	the	production	of	bio-oils	and	biochar	from	fast	pyrolysis	













Pyrolysis	 experiments	 at	 a	 maximum	 temperature	 of	 600°C	 were	 conducted	 in	 a	 large	
diameter	horizontal	tube	furnace,	while	those	experiments	whose	temperatures	were	above	
600˚C	were	conducted	in	a	muffle	furnace.	
Experiments	 in	 the	 range	 of	 100°C	 to	 600°C	 were	 pyrolysed	 in	 evacuated	 Pyrex	 tubing.	
Approximately	5	grams	of	 small	 fragments	of	biomass	were	weighed	and	pyrex	 tube	heat	
sealed	under	vacuum.	The	biomass	was	heated	at	5°C/min-1	to	the	maximum	temperature	
needed	(100˚C	–	600˚C).	The	upper	temperature	was	held	for	60	minutes.	The	tube	was	then	
cooled	 to	 room	 temperature	 at	 5°C	 /min-1.	 Following	 cooling,	 the	 tube	 was	 broken,	 and	











muffle	 furnace	 WW718N01	 (Labec	 Laboratory	 Equipment	 Pty	 Ltd,	 Marrickville,	 NSW)	 in	
26	
	














electron	 image	 (SEI),	 or	 backscattered	 electron	 composition	 image	 (BEC)	 modes	 with	 an	
acceleration	voltage	of	20kV	and	a	working	distance	of	15mm.	The	samples	were	mounted	
on	 aluminium	 specimen	 stubs	 using	 carbon	 tape	with	 no	 additional	 coating.	Micrographs	
were	taken	on	all	solid	biochar	samples	formed	in	experiments	from	chapters	3	and	4.	
3.3.3.	Raman	analysis	
Raman	 analysis	 was	 performed	 on	 all	 solid	 biochar	 samples,	 using	 a	 Bruker	 Senterra	
RamanScope.	A	785nm	laser	at	10mW	power	and	50x	Objective	with	an	integration	time	of	
10	seconds	and	co-addition	of	10x10	second	bursts.	A	total	of	8	scans	were	taken	across	the	
surface	 of	 the	 biochar,	 with	 the	 results	 averaged	 to	 show	 a	 composite	 spectrum	 for	 the	






















































equipped	with	 Cu	 Ka	 radiation	 conducted	 at	 40	 kV	 and	 30	mA.	 Scan	 data	 was	 collected	






















































































































Biochar	 ranges	 in	 composition	 from	 polyaromatic	 to	 elemental	 carbon-rich	 structures	






Thermogravimetric	 analysis	 of	 biomasses	 was	 carried	 out	 in	 order	 to	 determine	 the	
temperature	range	for	pyrolysis.	Figure	4.1	shows	the	devolatilization	characteristics	for	the	
seven	 types	 of	 biomass;	 all	 types	 showed	 a	 similar	 pattern.	 All	 the	 biomass	 started	 to	
devolatilize	at	temperatures	between	200	and	250°C.	A	rapid	weight	loss	was	then	observed	





slower	 weight	 loss	 phase	 that	 started	 ~400°C	 and	 continued	 to	 600°C.	 This	 later	 phase	




















an	 average	 pore	 diameter	 of	 167µm.	 The	 xylem	 in	 the	 raw	 biomass	 would	 have	 been	
surrounded	 by	 relatively	 uniform	 parenchyma	 and	 the	 artefacts	 from	 this	 remain	 in	 the	
biochar.	The	longitudinal	section	of	the	aged	Eucalyptus	sp.	wood	chip	(Figure	4.2B)	shows	
morphology	similar	to	that	of	scalariform	pits	in	the	xylem.		
SEM	analysis	 showed	 the	persistence	of	 the	open-porous	 structure	 (Figure	4.2)	which	will	
assist	in	water	and	nutrient	retention	when	applied	to	soil	(Tang	et	al.,	2013).	The	presence	
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vibration	 mode,	 and	 is	 attributed	 to	 the	 in-plane	 imperfections	 expected	 in	 amorphous	
graphitic	 material.	 A	 second-order	 band	 is	 present	 at	 1590	 cm-1	 (G)	 band,	 attributed	 to	
stretching	vibrations	within	graphite’s	 aromatic	 layers.	 Typically,	 The	D	Band	at	1350cm-1,	
corresponds	 to	 in-plane	 imperfections	 in	 the	 graphitic	 lattice	 vibration	 mode	 caused	 by	
defects	and	heteroatoms	(Ferrari	&	Robertson,	2000).	The	flat	baselines	from	2000	cm-1	in	
the	Eucalyptus	and	palm	branch	samples,	show	the	loss	of	amorphous	and	undecomposed	













































in	 soils.	 This	 data	 is	 similar	 to	 data	 reported	 by	 Singh	 et	 al.	 (2012).	 The	 phosphate	
concentration	 of	 all	 biochars	 was	 similar	 ranging	 from	 91	 mg/kg	 in	 fresh	 Eucalyptus	 sp.	
woodchips	124mg/kg	in	the	aged	woodchip	(Table	4.2).	The	high	phosphate	concentration	
























Fresh	Wood	Chip	 7.00	 7.30	 91	 11.7	
Aged	Wood	Chip	 8.66	 7.35	 124	 13.6	
Eucalyptus	Branch	 7.44	 7.35	 104	 9.9	
Palm	Leaf	 8.24	 7.45	 136	 12.2	
Palm	Branch	 7.51	 7.25	 98	 13.3	
Palm	Base	 7.42	 7.39	 97	 10.2	









































Fresh	Wood	Chip	 801	 41	 34	 7	 0.76	 2.75	 0.47	 12.4	 64.2	 3.0	 8.1	
Aged	Wood	Chip	 830	 35	 41	 9	 0.49	 2.92	 1.27	 7.3	 44.3	 2.1	 3.7	
Eucalyptus	Branch	 860	 33	 30	 7	 0.74	 4.83	 0.03	 5.4	 18.1	 2.5	 2.5	
Palm	Leaf	 837	 30	 40	 7	 0.19	 1.63	 9.30	 2.4	 18.0	 1.2	 1.7	
Palm	Branch	 863	 27	 33	 8	 0.19	 3.78	 0.29	 5	 19.3	 2.6	 0.7	
Palm	Base	 802	 46	 43	 10	 0.10	 5.27	 1.61	 2.5	 11.0	 0.5	 1.5	




decay	 (Atkinson	 et	 al.,	 2010).	 This	 aromatic	 structure	 can	 be	 attributed	 to	













little	 peaks	 visible	 towards	 the	 lower	 ppm	 range.	 Peaks	 in	 this	 lower	 ppm	 range,	 usually	

















































































































































































































































































































































































































































































































































This	Chapter	concludes	with	an	 investigation	 into	stability	using	a	time-effective	 lab-based	




(Nguyen	 et	 al.	 2008),	 biological	 activities,	 land	 use	 practices	 all	 affect	 the	 rates	 at	 which	
degradation	and	decomposition	of	biochar	occur	(Ding	et	al.,	2016;	Fang	et	al.,	2014;	Hussain	
et	al.,	2017;	Luo	&	Gu,	2016;	Mukherjee	et	al.,	2016;	Sigua	et	al.,	2014;	Sorrenti	et	al.,	2016;	
Warnock	 et	 al.,	 2007;	 Yang	 et	 al.,	 2016;	 Yuan	 et	 al.,	 2013;	 Zimmerman,	 2010).	 The	most	





The	 fresh	Eucalyptus	 sp.	biomass	 converts	 to	 a	 biochar	 as	 temperature	 increases	 and	 this	
transformation	 can	 be	 divided	 into	 4	 stages.	 The	 first	 stage	 is	 the	 loss	 of	 water	 and	
dehydration	and	this	occurs	as	the	original	biomass	approaches	and	exceeds	100°C	(Figure	
5.1).	This	is	visually	evident	on	the	first	derivative	plot	(red	line).	This	dehydration	stage	results	


























































Table	 5.1	 -	Experimental	 yield	 calculations	of	 Fresh	Eucalyptus	 sp.	Woodchip,	 calculations	 for	 both	 the	bio-oil	 and	non-
condensable	fractions	are	not	shown	for	temperatures	above	700°C	due	to	the	different	method	for	pyrolysis;	samples	700°C	








Ambient	 100.0	 0.0	 0.0	
100°C	 92.2	 3.2	 4.5	
200°C	 88.6	 5.5	 5.8	
300°C	 72.6	 11.5	 15.8	
400°C	 33.0	 39.7	 27.2	
500°C	 26.0	 32.9	 41.0	
600°C	 20.0	 41.1	 38.8	
700°C	 12.7	 50.8	 36.3	
800°C	 10.0	 -	 -	
900°C	 8.2	 -	 -	













limited	CH	bonds	 indicating	 the	presence	of	a	graphene-type	structures.	Overall,	 graphitic	
type	structures	are	 first	evident	 in	the	600°C	sample	with	the	transmittance	at	 the	700	to	
1,000	cm-1	of	note.	At	even	higher	temperatures	it	appears	that	the	graphitic	structure	is	not	




































Figure	5.3.	 It	 should	be	noted	that	 the	100°C	sample	demonstrated	a	high	degree	of	auto	
fluorescence	so	was	not	included	and	the	200°C	sample	also	auto	fluoresced	but	is	included	
in	Figure	5.3	to	demonstrate	the	complexity	of	the	system.	Overall,	the	D-band	peak	exhibited	
a	 small	 red	 shift	 as	 the	 experimental	 temperature	 was	 increased,	 which	 is	 linked	 to	 the	





















































































































































































































































































slow	 pyrolysis	 process	 shows	 limited	 change	 as	 temperature	 increases,	 these	 results	 are	
coordinated	with	previous	findings.	Surface	SEM	images	show	sheet-like	morphology	of	the	
carbon	materials	due	to	the	initial	biomass	structure	(Chia	et	al.,	2012;	Keiluweit	et	al.,	2010;	
Purakayastha	 et	 al.,	 2015;	 Suliman	 et	 al.,	 2016).	 This	 also	 suggests	 that	 the	 open	 porous	
structure	of	the	biochar	is	due	to	the	decomposition	of	cellulose	and	hemicellulose	as	can	be	













































significantly	 from	 the	 original	 charcoal,	 dominated	 by	 the	 presence	 of	 a	 significant	water	
peak,	 and	 a	 reduction	 polar	 compounds.	 Hexane	 weathering	 of	 the	 biochar,	 showed	 a	
significant	 reduction	 in	 aliphatic	 bonding	 as	 can	 be	 expected	 from	 organic	 liquids,	 with	
increases	 in	peak	 sharpness	at	1250	cm-1	 to	1600	cm-1	showing	a	proportional	 increase	 in	
aromatic	 structures.	 These	 results	 demonstrate	 that	 rain	 weathering	 leaches	 the	 labile	




















O-H	 C=C-H	 Aromatic	 C=C	 C-O	 C-H	
	 60	
5.7.3	Weathering	impact	on	carbon	bonding	and	structure	
Raman	 spectroscopy	 as	 was	 used	 previously	 is	 widely	 used	 to	 characterise	 the	 bonding	
structure	 of	 carbon	 based	 materials,	 which	 can	 be	 used	 to	 make	 inferences	 about	 the	
structure	of	the	material.	The	pre	leaching	spectrum	for	the	biochar	is	concurrent	with	the	
data	 brought	 forward	 in	 both	 Chapters	 4	 and	 5,	 confirming	 again	 that	 this	 structure	 has	
graphitic	elements,	with	the	proportion	of	disordered	structure	to	ordered	structure	less	than	
one.		
The	 increase	 in	 signal	 intensity	 in	 higher	wave	 numbers	 can	 be	 related	 to	 an	 increase	 in	
sample	 fluorescence	 due	 to	 the	 presence	 of	 amorphous	 carbon	 structure	 from	 non-
decomposed	lignin.	This	fluorescence	decreased	in	all	weathered	biochar	which	fits	with	the	









Figure	5.8	 -	Raman	spectra	 for	biochar	produced	at	600°C	 (characterised	 in	Chapter	5.4),	and	 the	biochar	after	1000hrs	
weathering.	
	
The	 XRD	 data	 presented	 in	 Figure.	 5.9	 suggests	 the	 minimal	 changes	 to	 the	 crystalline	
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processes	which	 affect	 soil	 quality	 (Spokas	 et	 al.,	 2012;	 Zimmerman	 et	 al.,	 2011).	 During	









primarily	 limited	 to	 the	 compounds	with	 relative	 higher	 boiling	 points.	 This	 suggests	 that	




presents	 significant	 toxicity,	 and	was	 only	 extracted	 through	 fluorinated	 compounds,	 and	
extended	hexane	weathering.	The	zenith	of	the	analysis	would	suggest	that	both	the	raw,	and	

















Weathering	 DCM	 Methanol	 Hexane	
1-(4-Hydroxy-3-methoxyphenyl)-1-ethoxyacetic	acid	ethyl	
ester,	O-trimethylsilyl	 x	 x	 x	 	  x	
Agathadienediol	 x	 x	 	    
2-Hexanone,	3,3-dimethyl-	 x	 x	 x	 x	 x	 x	
9-Octadecen-1-ol,	(Z)-	 	  x	 	 x	 x	
Creosol	 x	 x	 x	 x	 x	 x	
Bromacetal	 	  x	 x	 	  
Ether,	3-butenyl	propyl	 	   x	 	  
Hexadecanoic	acid,	methyl	ester	 x	 x	 x	 x	 x	 x	
Phenol,	2,6-dimethoxy-	 x	 x	 x	 	   
Phenol,	2-methoxy-	 x	 x	 x	 x	 x	 x	
Phenol,	2-methoxy-4-propyl-	 x	 x	 x	 x	 x	 x	
Phenol,	4-ethyl-2-methoxy-	 x	 x	 x	 x	 x	 x	
Podocarpa-8,11,13-triene-7.beta.,13-diol,	14-isopropyl-	 x	 x	 x	 x	 x	 x	































Leachate	 DCM	 Methanol	 Hexane	
Acenaphthene	 	 16	 221	 196	 342	 304	 285	 297	
Acenaphthylene	 	 15	 17	 16	 20	 17	 18	 18	
Anthracene	 10000	 2	 11	 11	 21	 17	 18	 19	
Benz[a]anthracene	 	 4	 41	 37	 55	 49	 52	 51	
Benzo[b]fluoranthene	 	 11	 113	 140	 203	 198	 199	 192	
Benzo[k]fluoranthene	 	 2	 13	 12	 22	 20	 19	 20	
Benzo[ghi]perylene	 	 4	 40	 48	 58	 57	 57	 57	
Benzo[a]pyrene	 1000	 3	 34	 38	 64	 60	 59	 57	
Chrysene	 384	 2	 14	 15	 21	 19	 20	 19	
Dibenz[a,h]anthracene	 63	 1	 19	 22	 36	 32	 31	 34	
Fluoranthene	 10	 4	 <LOD	 <LOD	 6	 6	 6	 6	
Fluorene	 19	 2	 7	 6	 11	 10	 10	 11	
Indeno[1,2,3-cd]pyrene	 	 5	 <LOD	 <LOD	 6	 6	 6	 6	
Naphthalene	 5	 4	 <LOD	 <LOD	 <LOD	 <LOD	 <LOD	 <LOD	
Phenanthrene	 10	 5	 <LOD	 <LOD	 6	 5	 6	 5	
Pyrene	 10	 4	 10	 8	 12	 11	 11	 11	











still	 shows	 a	 structure	 dominated	 by	 the	 presence	 of	 crystalline	 cellulose,	 and	 unaltered	
biomass.	As	temperature	increases	above	300˚C	the	amorphous	materials	shift	to	aromatic	






















weathering	 of	 the	 biochar	 under	 a	 variety	 of	 conditions.	 These	 results	 demonstrate	 the	
persistence	of	the	produced	biochar	under	environmental	conditions.	Further	investigation	
into	 the	VOCs	 found	 in	biochar	showed	 little	evidence	of	compounds	which	would	have	a	


























pyrolysed	 in	 a	 fast	 pyrolysis	 system	 performed	 at	 500°C	 with	 2s	 of	 residence	 time	 using	
fluidised	bed	reactor.		
The	bio-oil	produced	from	Eucalyptus	sp.	Woodchip	in	this	work	readily	separated	into	three	
fractions-	 a	 large	 aqueous	 fraction,	 an	 organic	 fraction,	 with	 the	 remaining	 products	
coalescing	to	form	a	waxy	solid.		
Initial	observations	showed	this	raw	bio-oil	to	be	unstable	during	storage,	with	the	organic	
layer	 (light	 fraction)	decreasing	 in	size	over	 time,	and	the	overall	colour	of	 the	raw	bio-oil	
darkening.	This	result	has	been	reported	in	other	studies	on	bio-oils	and	has	been	attributed	










with	other	aromatic	 compounds	are	 commonly	 seen	 in	 the	bio-oil.	 The	presence	of	 these	









the	 fractions	 of	 Eucalyptus	 sp.	 woodchip	 bio-oil	 when	 extracted	 using	 n-pentane	 and	
dichloromethane	(DCM)	respectively.	Most	of	 the	compounds	 identified	 in	our	study	have	
been	described	in	previous	reports	(Azargohar	et	al.,	2013;	Carrier	et	al.,	2013;	Cole	et	al.,	
2012;	 Jin	 et	 al.,	 2015);	 however,	 the	 presence	 of	 compounds,	 including	 2-methyl-2-
cyclopenten-1-one,	 3-methyl-1,2-cyclopentanedione	 have	 not	 been	 reported	 in	 previous	
studies.	Chen	et	al.	(2010)	has	suggested	that	due	to	the	high	flow	rate	of	pyrolysis	steam	
vapour	 the	 compounds	 are	 often	 not	 condensed	 in	 significant	 quantities	 using	 standard	
condenser	setups.	Therefore	the	condenser	arrangement	employed	in	this	system	was	able	
to	condense	the	higher	volatility	compounds,	which	have	not	been	observed	previously.		
The	 compounds	 identified	 in	 these	 two	 reactions	 showed	 some	 variations:	 the	 pentane	
extraction	as	expected	contained	aliphatic	hydrocarbons,	while	none	of	these	were	observed	
in	 the	DCM	extraction.	Suprisingly,	no	 furans	were	observed	 in	 the	DCM	extraction	whilst	
these	compounds	were	a	major	component	in	the	pentane	extraction	particularly	in	the	light	
fraction.	 The	 heterogeneous	 and	 complex	 nature	 of	 these	 fractions-	 light,	 medium,	 and	
heavy,	 resulted	 in	 differences	 in	 the	 relative	 mass	 content	 of	 specific	 compounds	 in	 the	
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et	 al.,	 2011).	 The	 remaining	 components	 of	 the	 vapour	 were	 oxygenated	 C2-C4	 organic	
compounds,	as	previously	reported	(Abdullah	et	al.,	2010b;	Mahinpey	et	al.,	2009;	Morali	et	
al.,	2016;	Staš	et	al.,	2015).	
It	 was	 interesting	 to	 observe	 furfural	 2-methoxyphenol,	 creosol,	 and	 4-ethyl-2-methoxy	
























Name	 Light	 Medium	 Heavy	
Pentanal	 	 2.22	 	
Pentanoic	acid	 1.72	 	 	
Cyclopentanone	 2.06	 	 	
Furfural	 18.28	 9.56	 2.54	
2-Furanmethanol	 3.61	 2.3	 	
Ethylbenzene	 	 1.94	 4.66	
Styrene	 2.47	 4.43	 11.72	
Nonane	 	 4.51	 3.64	
2-Cyclopenten-1-one,	2-methyl-	 3.79	 1.73	 	
Ethanone,	1-(2-furanyl)-	 1.54	 	 	
1,3,5-Cycloheptatriene,	7-ethyl-	 	 1.46	 	
Benzene,	1-ethyl-3-methyl-	 	 4.81	 2.87	
2-Furancarboxaldehyde,	5-methyl-	 3.04	 2.59	 1.67	
Benzene,	1,2,3-trimethyl-	 3.34	 7.96	 4.04	
.alpha.-Methylstyrene	 	 1.16	 1.7	
Phenol	 2.27	 2.29	 0.91	
Decane	 2.5	 8.48	 6.83	
2-Furanmethanol,	tetrahydro-	 4.48	 2.48	 	
Mesitylene	 	 2.48	 	
Benzene,	(1,3,3-trimethylnonyl)-	 	 	 1.71	
1,2-Cyclopentanedione,	3-methyl-	 1.56	 	 	
2-Cyclopenten-1-one,	2-hydroxy-3-methyl-	 	 1.24	 	
Benzene,	1-methyl-2-propyl-	 	 1.06	 	
Phenol,	2-methyl-	 1.49	 1.94	 1.2	
Decane,	2-methyl-	 	 1.09	 	
m-Cresol	 2.73	 3.2	 1.53	
Phenol,	2-methoxy-	 17.97	 8.82	 8.02	
Undecane	 2.15	 4.41	 3.52	
Phenol,	2,4-dimethyl-	 	 	 1.16	
Creosol	 9.87	 5.38	 9.3	
3,4-Dimethoxytoluene	 	 	 1.14	
Phenol,	4-ethyl-2-methoxy-	 3.72	 2.48	 7.42	
2-Methoxy-4-vinylphenol	 1.41	 1.21	 2.62	
Phenol,	2-methoxy-4-propyl-	 	 	 1.92	
Phenol,	2-methoxy-4-(1-propenyl)-	 	 	 1.33	
Phenol,	2-methoxy-4-(1-propenyl)-,	(Z)-	 2.01	 1.98	 6.84	
Benzene,	1,1'-(1,3-propanediyl)bis-	 	 	 1.27	
Benzene,	3-butenyl-	 	 	 1.17	
Podocarpa-8,11,13-triene-7.beta.,13-diol,	14-isopropyl-	 	 	 1.11	
2-Phenanthrenol,	 4b,5,6,7,8,8a,9,10-octahydro-4b,8,8-trimethyl-1-(1-methylethyl)-,	 (4bS-













Name	 Light	 Medium	 Heavy	
Phenol	 1.13	 	 1.28	
1,2-Cyclopentanedione,	3-methyl-	 	 	 1.26	
Phenol,	2-methyl-	 1.3	 1.04	 1.43	
m-Cresol	 1.91	 1.71	 3.1	
Phenol,	2-methoxy-	 8.05	 12.02	 8.14	
Phenol,	2,4-dimethyl-	 	 1.58	 	
Phenol,	2,5-dimethyl-	 1.42	 	 1.91	
Creosol	 12.49	 20.83	 16.02	
Catechol	 1.23	 	 	
3,4-Dimethoxytoluene	 1.08	 1.75	 1.76	
1,2-Benzenediol,	4-methyl-	 1.05	 	 	
Phenol,	4-ethyl-2-methoxy-	 10.35	 16.92	 16.95	
2-Methoxy-4-vinylphenol	 	 2.14	 	
4-Hydroxy-3-methylacetophenone	 3.08	 	 	
Phenol,	2,6-dimethoxy-	 2.97	 1.47	 4.14	
Eugenol	 2.65	 3.36	 3.8	
Phenol,	2-methoxy-4-propyl-	 3.49	 4.39	 6.02	
4-Ethylcatechol	 1.1	 	 	
Vanillin	 1.01	 	 	
Phenol,	2-methoxy-4-(1-propenyl)-,	(Z)-	 2.08	 1.98	 	
1,2,3-Trimethoxybenzene	 	 1.52	 2.85	
trans-Isoeugenol	 	 8.72	 	
Phenol,	2-methoxy-4-(1-propenyl)-,	(Z)-	 11.17	 	 	
Apocynin	 0.82	 	 1.24	
Benzene,	1,2,3-trimethoxy-5-methyl-	 1.94	 1.78	 3.38	
2-Propanone,	1-(4-hydroxy-3-methoxyphenyl)-	 2.04	 	 1.66	
Naphthalene,	2,3,6-trimethyl-	 	 0.73	 1.11	
2,4-Hexadienedioic	acid,	3,4-diethyl-,	dimethyl	ester,	(Z,Z)-	 0.64	 	 1.18	
Methyl-(2-hydoxy-3-ethoxy-benzyl)ether	 1.73	 	 	
3-Allyl-6-methoxyphenol	 	 	 1.41	
Phenol,	2,6-dimethoxy-4-[[2-methoxy-4-(1-propenyl)phenoxy]methyl]-,	acetate	 1.54	 	 	
Eicosanoic	acid	 	 2.08	 2.83	
n-Hexadecanoic	acid	 1.93	 	 	
Podocarpa-8,11,13-triene-7.beta.,13-diol,	14-isopropyl-	 2.03	 1.66	 1.54	
2-Phenanthrenol,	4b,5,6,7,8,8a,9,10-octahydro-4b,8,8-trimethyl-1-1-methylethyl	 8.19	 4.71	 7.29	
Podocarpa-6,8,11,13-tetraen-12-ol,	13-isopropyl-,	acetate	 1.67	 1.4	 	
Ferruginol	 	 1.53	 	
Bis(2-ethylhexyl)	phthalate	 	 3.92	 	








	 Light	 Medium	 Heavy	 Light	 Medium	 Heavy	
Alkanes	 4.7	 18.5	 15.3	 0	 0	 0	
Phenol	 43.7	 34.1	 43.8	 78.6	 84.6	 72.7	
Furans	 31.0	 16.9	 4.2	 0	 0	 0	
Aromatics	 13.2	 28.3	 36.8	 12.6	 7.4	 14.7	



































and	 heated	 at	 200˚C	 for	 8	 hours.	 The	 reactor	 was	 then	 cooled	 to	 4˚C	 and	 the	 contents	



























































Figure	 6.3	 -	 Pentane	 extraction	 of	 reformed	 bio-oil	 over	 the	 Iron(III)	 oxide	 catalyst	 (intensity	 increased	 by	 10X)	 (blue)	
compared	to	pentane	extraction	of	raw	bio-oil	(red)	
	








product	 contained	 very	 little	 hydrocarbon	 for	 any	 catalyst	 tested,	 although	 the	 possible	
concentration	of	C1-C3	hydrocarbons	could	not	be	determined.	The	reformed	product	in	all	
cases	was	dominated	by	oxygenated	products,	and	while	highly	complex,	some	compounds	
dominated	 these	 mixtures.	 The	 zeolite	 and	 NHZSM5	 catalysts	 reformed	 the	 bio-oil	 to	
primarily	 C4	 ketones,	 acetone	 and	 acetaldehyde.	 HZMS5	 showed	 similar	 results,	 except	 a	
significant	amount	of	ethanol	and	acetic	acid	was	also	observed.	 Iron	oxide	produced	 the	










Our	 results	correspond	with	previous	 research,	with	 the	zeolite	upgrading	 routes	 showing	
carbon	formation	on	the	catalyst,	and	highly	oxygenated	compounds	(Table	6.5).	Conversion	
of	bio-oil	 to	C1	 to	C3	hydrocarbons,	CO2	and	CO,	was	unable	 to	be	measured	due	 to	non-
separation	in	the	GC-MS	analysis.	
Whilst	both	HDO	and	zeolite	cracking	are	referred	to	as	catalytic	upgrading	of	bio-oils,	both	
routes	 are	 still	 far	 from	 industrial	 application	 due	 to	 the	 complex	 nature	 of	 bio-oils	






















1-Butanol,	2-methyl-	 	 	 	 1.16	 	
2,	3-Pentanedione	 	 0.36	 	 	 0.23	
2,3-Butanedione	 7.37	 1.2	 	 	 	
2-Butanone	 2.89	 2.54	 5.3	 	 	
2-Butanone,	3-methyl-	 1.67	 0.86	 	 	 0.13	
2-Cyclopenten-1-one,	2,	3-dimethyl-	 	 	 0.53	 	 	
2-Cyclopenten-1-one,	2-methyl-	 	 	 3.48	 	 0.36	
2-Cyclopenten-1-one,3,4dimethyl-	 	 	 0.5	 	 	
2-Cyclopenten-1-one,3-methyl-	 	 	 0.63	 	 	
2-Pentanone	 	 	 0.43	 	 0.49	
2-Pentanone,	3-methyl-	 	 	 	 	 4.17	
Acetaldehyde	 2.76	 2.86	 0.95	 	 3.31	
Acetic	acid	 	 	 16.81	 	 	
Acetic	acid	methyl	ester	 	 3.98	 6.86	 2.88	 6.14	
Acetone	 8.63	 9.09	 7.81	 2.2	 6.22	
Butanal,	3-methyl-	 	 	 	 44.17	 	
Butane	 	 	 5.2	 	 	
Butane,	2,3-dimethyl-	 	 	 	 1.16	 	
Butyric	acid	2,2,3,3-tetramethyl-	 	 	 	 	 0.24	
Creosol	 	 	 0.76	 	 	
Cyclopentane,	methyl-	 	 	 	 6.52	 	
Cyclopentanone	 	 	 5.5	 trace	 1.26	
Cyclopentanone,	2-methyl-	 	 	 0.49	 	 	
Ethanol	 trace	 3.51	 12.13	 1.76	 	
Ethanone.	1-(2-furanyl)-	 	 	 0.58	 	 	
Ethyl	Acetate	 	 trace	 	 trace	 0.95	
Furan,	2,5-dimethyl-	 trace	 	 	 	 	
Furan,	2-methyl-	 4.16	 	 	 	 	
Phenol	 	 	 1.15	 	 	
Phenol,	2-methoxy-	 	 	 3.17	 	 0.3	
m-Cresol	 	 	 0.78	 	 	
Propanal,	2-methyl-	 trace	 	 	 	 	




The	complex	nature	of	bio-oils	 results	 in	a	potential	multipart	network	of	 reactions	under	
catalytic	 reforming.	 The	 number	 of	 potential	 bio-oil	 reactions	makes	 evaluation	 of	 bio-oil	
reforming	systems	difficult,	and	often	studies	are	restricted	to	model	compounds	(Zhang	et	
al.,	 2006;	 Zhang	&	Wu,	 2015).	 Initial	 analysis	 of	 compounds	 in	 the	 raw	bio-oil	 (Table	 6.3)	
showed	that	the	raw	bio-oil	was	comprised	of	phenolic	compounds,	many	with	methyl	and	
methoxy	 substituents.	 These	 major	 components	 exist	 in	 both	 the	 organic	 and	 aqueous	
















































	 	 	 	
































data	 were	 used	 to	 estimate	 the	 exact	 amount	 of	 these	 compounds	 formed	 from	 the	
reformation	of	phenol	and	m-cresol.	 	The	loss	of	product	(%Balance)	was	attributed	to	the	















showed	 the	 results	 of	 these	 experiments	 for	 both	 phenol	 and	m-cresol	 for	 zeolite	 as	 the	
catalyst.	Both	model	compounds	yielded	similar	results	for	conversion	and	loss	of	products	to	
C1-C3	 hydrocarbons,	 CO	 and	 CO2.	 The	 only	 significant	 difference	 in	 the	 products	 was	 the	






Name	 	 Phenol	 Cresol	
	 %	Converted			62.12	 54.31	
Acetaldehyde	 	 -	 14.64	
Acetone	 	 48.26	 41.12	
2-Butanone	 	 20.36	 18.65	
Benzaldehyde,	2-hydroxy-	 	 Trace	 -	
Phenol	 	 37.88†	 -	




the	 aromatic	 ring.	 The	 degradation	 of	 aromatic	 alcohols,	 particularly	 phenol,	 in	 aqueous	
solution	has	been	studied	both	by	photocatalytic	and	oxidative	methods.	Both	these	methods	









1.3	 respectively).	The	method	of	 formation	of	2-butanone	 from	m-cresol	 is,	however,	 less	
clear.	 Its	 formation,	 we	 believe,	 arises	 from	 a	 C4	 di-alkyne	 (buta-1,3-diyne)	 as	 shown	 in	














CH CH + OH CH + CH CH3


















The	 pathway	 of	 phenol	 reforming	 was	 more	 problematic;	 firstly	 no	 acetaldehyde	 was	
observed,	which	 should	be	seen	 following	a	 similar	pathway	 to	m-cresol.	However,	 it	was	
observed	for	the	catalyst	HZSM-5	and	iron(III)	oxide	for	phenol	reforming.	Our	conclusion	was	
that	 acetaldehyde	 was	 formed	 (equation	 1.5)	 but	 was	 consumed	 in	 further	 reforming	








CH CH + CH OH









































Name	 	 Phenol	 Cresol	
	 %	Converted			98.39	 95.68	
Acetaldehyde	 	 -	 0.17	
Acetone	 	 -	 1.69	
Butane	 	 1.26	 -	
2-Butanone	 	 0.32	 trace	
Benzaldehyde,	2-hydroxy-	 	 -	 trace	
Nonanal	 	 -	 trace	
Phenol	 	 1.61†	 2.7	






The	 reforming	 of	 the	 model	 compounds	 showed	 differing	 results	 HZSM-5.	 m-Cresol	









Name	 	 Phenol	 Cresol	
	 %	Converted			25.76	 93.04	
Acetaldehyde	 	 31.17	 -	
Butane	 	 -	 40.92	
Acetone	 	 17.24	 35.35	
2,3-Butanedione	 	 24.65	 -	
2-Pentanone,	3-methyl-	 	 -	 23.72	
Phenol	 	 74.24†	 -	















the	 experiment	 with	 zeolite	 with	 the	 absence	 of	 acetaldehyde	 and	 2-butanone	 and	 the	
	 88	
appearance	of	3-methyl-2-pentanone.	Butane	we	propose	was	formed	from	the	C4	di-alkyne	







































































Table	6.11	-	 	Compounds	 identified	by	GC-MS	 in	model	system	after	reforming	with	 Iron	Oxide	Catalyst	 (‡refers	 to	%	of	
unquantified	material	attributed	to	material	that	is	unretained	by	the	column)	
		 		 %	Conversion	
Name	 	 Phenol	 Cresol	
	 %	Converted		100.00	 100.00	
Acetaldehyde	 	 6.71	 -	
Ethanol	 	 2.64	 trace	
Pentane	 	 -	 90.83	
Butane	 	 29.74	 -	
Acetic	acid,	methyl	ester	 	 2.54	 1.33	
Acetic	acid	 	 0.35	 1.28	
2,3-Butanedione	 	 trace	 -	










CH R CH3 R
4H2












Table	 6.12	 -	 	Compounds	 identified	 by	 GC-MS	 in	model	 system	 after	 reforming	with	 Pd	 on	 C	 Catalyst	 (‡refers	 to	 %	 of	
unquantified	material	attributed	to	material	that	is	unretained	by	the	column)	
		 		 %	Conversion	
Name	 	 Phenol	 Cresol	
	 %	Converted		100.00	 100.00	
Ethanol	 	 -	 0.09	
Acetaldehyde		 	 trace	 -	
Acetone	 	 -	 7.31	
2-Butanone	 	 -	 2.23	
Ethyl	Acetate	 	 -	 0.17	
2-Butanone,	3-methyl-	 	 -	 0.42	






The	 research	 presented	 in	 this	 thesis	 shows	 the	 development	 a	 set	 of	 efficient	 operating	
conditions	to	produce	biochar	that	will	persist	in	the	environment,	it	shows	several	options	
for	a	reformed	bio-oil	product	–	value	adding	to	traditional	pyrolysis	schemes.	The	research	
shows	that	high	 temperature	 (600°C)	slow	pyrolysis	of	varying	 forms	of	biomass	produces	
consistent	biochar(Chapter	4).	The	results,	however,	suggested	that	the	lignin-rich	Eucalyptus	
sp.	woodchip	showed	the	formation	of	significant	graphitic	structures	suggesting	the	highest	
conversion	 to	 turbostratic	 crystallites	 with	 little	 change	 between	 weathered	 and	 non-




biochar	 produced	 under	 these	 “efficient	 operating	 conditions”	 (Chapter	 5).	 Following	 the	
characterisation	 of	 the	 biochar,	 this	 research	 investigated	 and	 characterised	 the	 bio-oil	




The	 slow	 pyrolysis	 of	 varying	 forms	 of	 biomass,	 Eucalyptus	 woodchips	 and	 branch,	 Palm	
constituents	and	cherry	blossom	branch	at	600°C	showed	excellent	conversion	to	biochar.	




to	 stable	 biochar.	NMR	 analysis	 showed	 that	 this	 biochar	was	 dominated	 by	 an	 aromatic	
structure	 with	 additional	 Raman	 analysis,	 indicating	 the	 presence	 of	 a	 graphitic	 based	
structure,	with	ID/IG	ratios	between	1.3	and	0.72.	Structures	with	lower	ID/IG	ratios	suggest	










based	aromatic	material,	with	a	 growing	 fraction	with	 carbon	 crystallites.	As	 temperature	
increased	from	600°C,	the	amorphous	structure	shifts	to	a	structure	dominated	by	crystalline	























Capture	 of	 the	 bio-oils	 showed	 an	 initial	 liquid	 with	 ~30%	 water	 content,	 which	 readily	






in	 the	bio-oil	 systems	significant	amounts	of	3-methyl-butanal,	 and	 in	 the	model	 systems,	
producing	 significant	 quantities	 of	 aliphatic	 hydrocarbons	 butane	 and	 pentane.	 The	 static	







years.	 Further,	 the	 results	 shown	 from	 the	 slow	 pyrolysis	 of	 biochar	 at	 the	 increased	
temperature	 suggested	 the	 formation	 of	 possible	 novel	 materials	 such	 as	 carbon	
nanostructures	and	reduced	graphene	oxide.	The	upgrading	of	the	bio-oil	showed	promising	
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Appendix	A	 –Solid-state	 1H	NMR	 spectra	 of	 biochar	 produced	 from	 varying	 biomass	 at	
600˚C	in	a	N2	atmosphere	
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Appendix	B	–	XRF	elemental	analysis	of	biochars	produced	from	varying	biomass	at	600˚C	
under	a	N2	atmosphere.	
